This paper investigates the sidebranch characteristics of pivalic acid dendrites grown under terrestrialgravity and microgravity conditions. Results indicate that the distance from the dendrite tip to the first detectable sidebranch and to the first detectable coarsening, do not depend on the supercooling, but are significantly affected by gravity. Neither the sidebranch spacing in the uniform region, nor the coarsening region, appears to exhibit significant dependence on either convection or supercooling. When the envelope enclosing all sidebranches from the tip to the end of the coarsening region is fit to a power law, the fit coefficients are significantly different for the microgravity and terrestrial results, supporting the observation that the absence of gravity alters the growth of the sidebranches in PVA. Comparison of the experimental results with predictions from theoretical models indicates that the predictions of the initial sidebranch spacing are much lower than experimental observations, whereas the predicted sidebranch amplitudes are larger than observed. The prediction of the distance to the first sidebranch also did not agree with experiment. These discrepancies suggest that the amplification of random interfacial noise might not be the (sole) basis for the development of sidebranches.
INTRODUCTION
A material's microstructure greatly influences its macroscopic properties. Thus in order to create the desired properties, it is important to understand how and why various microstructures develop. In materials such as metals and alloys, dendritic microstructures form when they crystallize in supercooled and supersaturated melts. This structure forms as the material freezes in an unstable manner, and leads to microsegregation, which can result in undesirable material properties like hot cracking, reduced toughness and poor corrosion resistance. Thus, a better understanding of the dendritic growth process may lead to major improvements in control of material properties.
Two of the transport mechanisms that play major roles in the formation of dendrites under terrestrial gravity are diffusion and buoyancy driven convection. However, many of the mathematical models of dendritic growth that have been developed are based solely on diffusion mechanis ms (due to the complexity of the inclusion of buoyancy factors). In order to quantify the influence of these transport paths, a series of experiments [1] [2] [3] was developed to conduct and record dendritic growth over a range of supercoolings using two different materials: succinonitrile (SCN) and pivalic acid (PVA). These experiments were conducted in the apparent microgravity conditions of low Earth orbit as well as on Earth. In free-fall, the effects of hydrostatic pressure, buoyancy, and of buoyancy-driven convection are effectively eliminated. The dendritic growth data obtained in low Earth orbit was influenced only by diffusion, and thereby serves as an important data set for testing and developing mathematical and phenomenological models of the process. The subset of results presented below examines the characteristics of the sidebranches of pivalic acid (PVA) dendrites grown in convection-free (in Earth orbit) and diffusoconvective (on Earth) conditions.
BACKGROUND
Dendritic solidification, as a diffusion problem, was first analyzed by in 1946 by Ivanstov 4 , who modeled a dendrite as a semi -infinite, parabolic body of revolution, without any sidebranches . However, one measure of the completeness of such a model is its ability to correctly account for the presence and growth of sidebranches. Work such as Mullins and Sekerka's the linear morphological stability and marginal stability theories [9] [10] [11] . These mathematical theories predict the amplification (or growth) of selected perturbations, which may be correlated with experimental observations of the development and growth of sidebranches. The perturbations produced at the tip are predicted to increase in amplitude, widen, and become further spaced apart as they separate further from the tip.
The cause of the initial perturbation has not yet been fully determined, but two different explanations have been hypothesized. The first is known as tip splitting or dynamical tip oscillations 12 and the second, and generally preferred explanation, is the selected amplification of interfacial noise 9, 13, 14 .
Langer 9 has investigated the time dependent formation of sidebranches based on the amplification of thermal noise and modeled the dendrite as a cylindrically symmetric steady-state needle crystal. His results indicate that the amplitude of the perturbation will increase exponentially with the distance from the tip, x, as a function of (x 1/4 /σ* 1/2 ) given by:
Here, σ* is the scaling constant frequently used in dendritic growth, and x is distance from tip and R is radius of the tip.
Langer also predicts that the characteristic wavelength λ of the perturbation is a function of the distance from the tip given by:
Comparison with the experimental data for SCN of Huang and Glicksman 15 shows only approximate agreement for the spacing, and the experimental amplitudes were much larger than predicted by the noise amplification theory.
Brener and Temkin
14 also developed a theory for the time-dependent formation of sidebranches based on the amplification of thermal noise, but they took into account a more realistic non-axisymmetric shape of the needle crystal. They predicted that the amplitude of the sidebranches would increase exponentially as a function of (x 2/5 /σ* 1/2 ), which results in sidebranch amplitudes that grow faster than the axisymmetric paraboloid. This was found to be in reasonable agreement with experimental results for xenon 11 and SCN 16 dendrites.
Their theory predicts the characteristic wavelength as a function of distance from the tip given by:
Given the agreement of this theory to experimental data, Brener and Temkin 14 concluded that the sidebranches are therefore created by thermal noise.
These models are only valid for the initial uniform sidebranch region where sidebranches are small, so it is difficult to measure the sidebranch growth rate directly.
Surface energy anisotropy is an important factor in dendritic growth. It is well established that the tip and sidebranches of cubic materials with non-faceting solidliquid interfaces, grow in the <100> cubic directions. The selection of preferred growth directions is due to anisotropy (ε), or variation, in the solid-liquid surface energy.
The surface tension of an anisotropic crystal (γ) with mfold symmetry is usually approximated by a constant plus the first-order φ-dependent term:
As most materials that exhibit dendritic growth have a cubic structure, the major symmetry is a four-fold rotation (m=4).
As the material grows, it attempts to minimize its chemical potential, µ, at the tip, where
Minimization of µ based on Equation 5 is achieved by the dendrite growing in the <100> directions (i.e. when φ = 0°, 90°, 180° and 270°). As a result, four perpendicular sidebranch fins develop symmetrically every 90° about the <100> growth axis.
PVA has a high surface energy anisotropy, which has been reported with values varying between 2.5 ± 0.2% 17 and 5% 18 . SCN has a lower value of ε of 0.5% 18 . Previous work by Glicksman and Singh 19 on the effects of interfacial energy anisotropy on dendrite morphology in SCN and PVA concluded that anisotropy does not affect the tip radius-velocity relationship but has considerable influence on the morphology of the neartip region and rate of amplification of the sidebranches. PVA and SCN have vastly different ε values. Therefore, comparison of available convection-free data gives an opportunity to better understand the relationship between surface energy anisotropy and the development of the sidebranch structure.
EXPERIMENTAL PROCEDURE
The dendritic growth experiments reported here were designed to grow dendrites and record the process (on 35 mm film and video) in the convection-free conditions of Earth orbit. We also conducted corresponding ground based experiments, under conventional diffuso-convective conditions. Detailed information, the experiments, and many key results on other dendritic growth topics are contained in references 1-3, 16, 20 .
The materials used for these experiments, succinonitrile (SCN) and pivalic acid (PVA) are ideal for experiments of dendrite solidification as they have low melting points, are optically transparency and metal-like in their solidification characteristics. Although the two materials provide the same experimental benefits, they differ in the important property of the anisotropy of the surface tension, which is hypothesized to greatly affect the formation of sidebranches 19 .
The chief data reported here were from experiments conducted in 1997 aboard the space shuttle Columbia (STS-87). The experimental apparatus ( Figure 1 ) was part of United States Microgravity Payload-4 (USMP-4), and 116 experiment runs were conducted on PVA during that flight.
Comparative ground-based experiments under diffuso-convective conditions were also conducted before and after the flight using the same apparatus. Growths cycles were performed at supercoolings in the range of approximately 0.1 to 1.0K.
Pure (purity 99.99%) PVA was placed in a quartz growth chamber with inside dimensions of 31mm square by 50mm. The growth chamber, described fully by Schrage and Malarik in 21 , included a bath, able to control the temperature to within 0.002K (spatially and temporally). Two 35mm film cameras and video cameras, mounted perpendicularly to each other, were used to record the growths. A hollow stinger tube penetrated the chamber wall to assist with the growth of dendrites. PVA from the growth chamber fills the open end of the stinger. A thermoelectric cooler mounted at the closed end of the stinger, outside the body of chamber, and therefore thermally isolated from the chamber, is used to initiate the dendritic growth.
A growth cycle began with the melting of the whole PVA sample, which was subsequently cooled to the desired supercooled temperature. The thermoelectric cooler located at the top of the stinger was chilled, initiating the nucleation of solid. The solid grows along the interior of the stinger and emerges into the main growth chamber. Once the dendrite reached a steadystate velocity, which was determined through near-realtime data calculations during the experiment, three to four evenly spaced still images were taken during the steady state growth. For many growth cycles, we also recorded video of the entire growth, however the work presented here derives from the photographic images. Once a cycle was complete, the PVA was re-melted, starting the next growth cycle.
Unlike SCN, it was observed that more than one PVA dendrite emerged from the stinger and grew into the chamber. We are convinced that this is a flaw in the growth chamber/stinger design, forced by the deleterious effects on PVA from stainless steel and not a fundamental issue in dendritic growth. To ensure then, that the growth characteristics reported are not influenced by the effect on one dendrite by its neighbors, only 'isolated' dendrites were used in the analysis.
The criterion used to establish which dendrites could be considered to be isolated, was whether its tip was at least three thermal distances from its neighbor's tip 22 . A thermal length is defined here as the thermal diffusivity α of the liquid divided by the growth rate V.
To obtain as large a data set as possible, it was necessary to not only use dendrites with sidebranches lying in (and hence also perpendicular to) the focal plane of the image, but also use dendrites that were rotated so that their sidebranches lie at an angle to the image plane. The angle of rotation was determined and used to correct the sidebranch measurements. Care was taken when measuring the sidebranch co-ordinates on cycles with a large rotation to obtain only sidebranch results close to the tip, where the projected image of sidebranches from other arms are not yet large enough to overlap. This process of selection is believed to have produced a sufficiently large data set without compromising the integrity of the data.
The 35mm negatives were analyzed using a microscope-vernier arrangement, implemented using an oscilloscope to view the intensities of video lines taken from a source photonegative of each image. The tip of the dendrite was designated as the origin for sidebranch measurements. The position of each side branch was given by an (x, y) coordinate with respect to that origin. The x coordinate corresponds to the axial distance from the dendrite tip ( Figure 2) ; the y coordinate corresponds to the sidebranch amplitude.
Where possible, six still image frames were analyzed per growth cycle, with sidebranch measurements taken on two sides of the dendrite in each frame. The measured x and y coordinates for each sidebranch were corrected for optical magnification, rotation and stereographic projection before being used in the analysis.
RESULTS

First Detectable Sidebranch
The first detectable side branch was defined as the first protrusion from the dendrite which produced a detectable and measurable peak in the intensity curve.
These coordinate values were normalized using the tip radius, averaged, and the standard deviation found. There was no apparent variation of the normalized distance t o the first detectable sidebranch with supercooling, within the range of standard deviation, for the diffuso-convective or convection-free data ( Figure 3 ). Hence, this relationship can be represented as a linear scaling law,
where D o is the distance to the first detectable sidebranch, R is the measured dendrite tip radius and C o is the scaling constant.
Based on analysis of the data in Figure 3 , the value of the scaling constant in convection-free conditions is C o(cf) = 33.6±4.9 and in diffuso-convective conditions, C o(dc) = 29.6±3.1.
To determine if the diffuso-convective and convectionfree results are statistically (significantly) different, a two-tailed student t-test was performed on the results with a 95% confidence level. It was assumed the data came from a Gaussian-shaped population and had unequal population variances, due to a significant difference in the average variance between the data sets. The t -test examines two data sets (with their attending statistical a verages) and determines the likelihood that two data sets come from the same population. That is, the t-test is used here to help determine whether differences in the average values are meaningful, or merely due to the natural stochastic character of dendrite sidebranches. The two-tailed test was used because it is unknown which direction any variation between the data sets could occur. If the t-test produces a probability of less than 5% it signifies that the averages of the data sets are significantly different, and the differences can therefore be attributed to the difference(s) in test conditions with a 95% confidence level. Comparison of the normalized distance to the first detectable sidebranch using the t-test, produced a probability of 0.024 which signifies that there is a There is significant statistical difference between the convection and convection-free averages.
statistical difference between the averages of the convection-free and diffuso-convective data sets. We do not know whether such a difference is due to a fundamental issue in dendritic sidebranching, or is perhaps due to other differences between the data sets such as the different convective conditions, or the fact that the data sets compared are not are not perfectly matched supercooling per supercooling.
First detectable coarsening
The first detectable coarsening is defined here as the first sidebranch, for which when moving away from the tip, the amplitude is less than for the previous sidebranch.
The distance to the first detectable sidebranch in the coarsening region was measured and the normalized average and uncertainty calculated. It appears that there is no variation, within the range of standard deviation, of the normalized distance to the first coarsening as a function of the supercooling (Figure 4 ). Hence this relationship can be represented as
where D c is the distance to the first coarsening, and C c is the scaling constant. Based on Figure 4 , C c(cf) = 70.4±10.8 for convection-free conditions and C c(dc) = 60.2 ± 8.3 for diffuso-convective conditions. The t-test with 95% confidence between the data sets yielded a probability of 0.001, which indicates there is a difference between the convection-free and diffusoconvection data sets. Again, we make no claim to the source of this difference.
Sidebranch spacing in uniform region
The difference in the x positions of two adjacent sidebranches is defined as the sidebranch spacing. As reported above, the first coarsening occurs at a distance of approximately 60-71 radii behind the tip. Hence to ensure the uniform region does not contain a coarsening event and is consistent for each growth, it has been defined here as the region between the first detectable sidebranch and a distance equal to 55 radii behind the tip.
The sidebranch spacing was measured in the uniform region, normalized with respect to the radii, and the average and standard deviation calculated. From Figure  5 , it appears there is no variation, within the range of standard deviation, of the normalized value of the sidebranch spacing in the uniform region as a function of the supercooling. Hence this can be represented as
where ? u is the sidebranch spacing in the uniform region , and C u is the scaling constant. Based on Figure  5 , the scaling constant under convection-free conditions is C u(cf) = 5.01 ± 0.84 and C u(dc) = 4.56 ± 0.64 for diffuso-convective conditions. A two tailed t -test performed on the data produced a probability of 0.0534 which indicates that there is not a statistical difference between the results within a 95% confidence level. This lack of a statistical difference is especially noteworthy since, as noted previously, the two data sets are not perfectly identical in their experimental 
Supercooling (K) Distance to coarsening region/R
Convection-free Diffuso-convective Average convection-free Average diffuso-convective Figure 4 : Distance to the first detectable coarsening normalized by the tip radius as a function of supercooling for convection-free and diffusoconvection data.
There is significant statistical difference between the convection and convection-free averages. 
Supercooling (K) Uniform sidebranch spacing/R
Convection-free Diffuso-convective Average convection-free Average diffuso-convective Figure 5 : Sidebranch spacing in the uniform region (0-55R) normalized by the tip radius as a function of supercooling for convection-free and diffusoconvective data. There is no significant statistical difference between the convection and convection-free averages.
conditions. Sidebranch spacing in the coarsening region. The sidebranch spacing in the region further behind the tip where coarsening occurs was measured. The coarsening region was defined as beginning at a distance of 55 radii behind the tip and ending at 200 radii to maximize the number of sidebranches and maintain consistency between growths.
The spacing for each growth was normalized, averaged and the standard deviation calculated. It appears that there is no variation, within the range of standard deviation, of the normalized value of the sidebranch spacing in the coarsening region as a function of supercooling ( Figure 6 ). Hence this can be represented as
where ? cr is the sidebranch spacing in the uniform region , and C cr is the scaling constant. Based on Figure  6 , the scaling constants are C cr(cf) = 6.98 ± 1.18 and C cr(dc) = 6.55 ± 0.96. A two tailed t-test performed on these results (probability = 0.1945) indicates there is no statistical difference between the results due to convection forces within a 95% confidence level.
Sidebranch envelope To characterize the shape of the sidebranch envelope, the position of the sidebranch tips from the dendrite tip (x coordinate) were linearly regressed in the power law form shown in Equation 10 , where the y coordinate is the coordinate normal to the growth axis, o r the amplitude of the branches. α is the pre-exponential term, and β is the exponential term.
The values of α and β were measured for each set of convection conditions and were found to be independent of supercooling. 
The t-test indicated the convection-free and diffusoconvective environments produced significantly different α and β values (probability of 0.0036 for α and 0.00068 for β). These differences are clear based on the uncertainty measurements alone with out reference to the student t-test.
DICUSSION
Statistical analysis of the diffuso-convective and convection-free results ( Table 1 ) for PVA produced interesting, if somewhat puzzling observations. We will first address the overall morphology of the dendrite, which can be described by the sidebranch envelope. The student t-test indicated the convectionfree and diffuso-convective experiments produced significantly different α and β values. By plotting the sidebranch envelope as given by equations 11 and 12 ( Figure 7 ) , it can be seen the convection-free sidebranch envelope is much narrower than the diffusoconvective envelope indicating the aspect ratio of the dendrites are different. This relationship was also observed in SCN by Corrigan et al. 20 , who concluded the difference arose from variations in the amplitude of the branches rather than from the spacing. Thus the difference in dendritic sidebranch envelopes observed, in both SCN 20 and PVA, could be attributed to the change in thermal interactions that occur in the absence of convection.
Deconstructing the sidebranch envelope into its components provides further insight into the observed differences. Comparison of the sidebranch spacing in There is no significant statistical difference between the convection and convection-free averages.
both the uniform and coarsening region indicates that there is no significant difference between the diffusoconvective and convection-free results. This supports the notion that the difference in aspect ratios does not arise from differences in sidebranch spacing.
However comparison via the t -test (within a 95% confidence level) of the position of the first observable sidebranch and first observable coarsening event indicate that the values vary depending on the convection conditions. A possible reason for this observation is as follows.
First, assume the sidebranches initiate at (or very close to) the dendrite tip. The convection of heat away from the dendrite, as the relative distance from a given sidebranch to the tip increases, causes the sidebranch to increase in magnitude until they reach a size which enables them to be seen and measure, i.e. become the first detectable sidebranch. Thus the rate of growth of the amplitude of the sidebranches determines the position from the tip at which they can be first detected. Moreover, the rate of growth is dependent on the temperature gradient in the melt at the interface and this temperature gradient will be influenced by the convective conditions. Likewise the process of coarsening, and hence the location of the first coarsened sidebranch, should be influenced by convection. Thus it seems reasonable to expect a difference in the observed location of the sidebranches when the convection conditions are different.
The temperature gradient in the melt should be primarily controlled by the far-field temperature, i.e. the supercooling.
However, there appears to be no noticeable variation of any of the normalized sidebranch characteristics with supercooling. Additionally it is felt the supercooling range is large enough to notice a difference if any was present. Thus the independence of the results to the thermal gradient produced by the supercooling seems to contradict the small dependence on the thermal gradient in the different convection conditions. One possible explanation is the amplitude, and therefore position of the sidebranches in a given environment, is dependent on the overall dendrite characteristics, which in turn a re determined by the supercooling.
So after normalization by the supercooling, all tests in a given environment produce similar values for the growth rate and hence similar distances to the first sidebranch. However, the relative position of the sidebranch to the tip may be affected by the convection conditions, which should alter the local thermal gradient near the solid-liquid interface. Hence different convection conditions produce different local thermal gradients and thus different distances to the first detectable sidebranch are observed.
To test the theory, a comparison of the convection-free and diffuso-convective results at the same tip velocity (as velocity is directly proportional to the thermal gradient) could be undertaken. Assuming the dendrites in both conditions see the same thermal gradient at the tip, any difference in results may be evidence for variation in thermal conditions further from the tip. Unfortunately there was not enough data at one velocity Average sidebranch envelope as a function of the normalized distance from the tip calculated using a power law fit of convection-free and diffusoconvective data. The convection-free envelope is significantly narrower than the diffuso-convective envelope.
for PVA to test this theory.
SCN did not show a significant difference between the diffuso-convective and convection-free values of the first detectable sidebranch and coarsening 20 . Previous observations 19 note surface energy anisotropy has considerable influence on the rate of amplification of the sidebranches. As SCN has a much lower surface energy anisotropy than PVA, its rate of sidebranch amplification is much higher. This higher rate may make any small changes in this rate difficult to detect. Thus it is possible a change in convection conditions does not produce an observable difference in sidebranch amplification in SCN and hence no change in the position of the first sidebranch is detected between the two different convection conditions. Furthermore, it must be noted that although the student t-test indicates a difference in the diffuso-convective and convection-free results, the relatively large uncertainty values associated with the measurements themselves, brings into question the conclusion drawn from the t-tests alone without additional corroborative evidence.
Comparison with models
For the most part, key elements of mathematical models developed to describe the growth of perturbations on the main stem of the dendrite, which lead to the timedependent growth of sidebranches, are experimentally confirmed. Both Langer's model (based on a symmetric crystal needle), and Brener and Temkin's model (that takes into account the true non-axisymmetric shape of the needle), assume that the amplification of thermal noise initiates sidebranches and are only valid in the linear, uniform region near the tip.
Both models predict increasing sidebranch amplitude and spacing with distance from tip, however, the exact rate of increase differs. The measured sidebranch spacing in the region close to the tip (0-55 R) for numerous experimental cycles for PVA were plotted as a function of normalized distance from the tip to try to determine if the experimental data agreed with either of these functions. However, the uniform region typically contained only three to six data points and the spacing tended to be equal. Thus the experimental relationship of the form seen in Equations 2 and 3 calculated from the data produced pre-exponent and exponent values that had large uncertainties, of the order of the values themselves. Hence these predictions cannot be confidently compared with the data obtained in these experiments.
What can be compared, however, is the initial sidebranch spacing predicted by these equations with the sidebranch spacing determined for the uniform region. Using the x/R value of 33.6±4.9 that was determined as the normalized distance to the first detectable sidebranch (and a preliminary value of σ*=0.03±0.006) 22 , Langer's models predicts an initial normalized spacing of 3.8±0.4, and Brener and Temkin predicts an initial spacing of 3.3±0.3. Both of these values are much lower than the experimental value of 5.01±0.84 for the convection-free data and 4.56±0.64 for the diffuso-convective data. This disagreement between our experimental values and theory indicates that although sidebranching is most likely due to noise amplification, sidebranches in PVA are not well described by the selection of amplification of thermal noise as in current models. In analyzing six cycles of the convection-free experimental data for PVA, we observe a relationship of the sidebranch amplitude to the distance from the tip, which may be approximated as: 
Comparison of the exponential term indicates that the experimental results exhibit a smaller amplification rate of 0.13±0.03 compared with 0.25 or 0.4 predicted from the theories. Hence PVA's sidebranches (in a convection-free environment) have smaller amplitudes than predicted for the wavepackets.
The Brener and Temkin model fits the SCN and xenon data well 11, 14 , but it is apparent from visual comparison of SCN and PVA dendrites that SCN has sidebranches with much larger amplitudes than PVA at the same distance back from the tip. This disagreement with theory for PVA may indicate the models are not appropriate for all materials, especially one's with higher crystalline anisotropy, which is known to affect the rate of amplification of sidebranches 19 .
SUMMARY AND CONCLUSIONS
The sidebranch characteristics of pivalic acid (PVA) dendrites grown under convection-free and diffusoconvective conditions were investigated as a part of the Isothermal Dendritic Growth Experiment (IDGE). We compared convection-free and diffuso-convective results for PVA to both the results for succinonitrile (SCN) and with theoretical models of dendritic side branching.
These comparison indicate that the distance from the dendrite tip to the first detectable sidebranch and to the first detectable coarsening normalized by the tip radius appear to be independent of supercooling, but may be slightly affected by convection. In convection-free conditions the normalized distance to the first sidebranch and first coarsening event occur further from the tip than under diffuso-convective conditions. This could be due to the change in convection conditions and the local thermal gradient near the sidebranches, which may alter the rate of sidebranch growth. The dependence on convection was not observed in previous work conducted on SCN 20 .
Normalized sidebranch spacing in the uniform region and the coarsening region do not appear to have significant dependences on supercooling or convection. The sidebranch envelope could be fitted to a power law equation, where the pre-exponential and exponential terms calculated were found to be significantly different for the convection-free and diffuso-convective results.
Convection also appeared to affect the sidebranch envelope in SCN dendrites 20 . These results seem to indicate convection affects the thermal conditions near the solid-liquid interface, which alters the amplitude rather than the spacing of the sidebranches.
Theoretical sidebranch models based on amplification of noise at the tip have been developed and require comparison with experimental results. Predictions of the initial sidebranch spacing for PVA were much lower than the experimental result, whereas the models predicted sidebranch amplitudes that were larger than observed.
